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Abstract 24 

 25 

Reverted austenite is a metastable phase that can be used in maraging steels 26 

to increase ductility via transformation-induced plasticity or TRIP effect. In the present 27 

study, 18Ni maraging steel samples were built by selective laser melting, homogenized 28 

at 820 °C and then subjected to different isothermal tempering cycles aiming for 29 

martensite-to-austenite reversion. Thermodynamic simulations were used to estimate 30 

the inter-critical austenite + ferrite field and to interpret the results obtained after 31 

tempering. In-situ synchrotron X-ray diffraction was performed during the heating, 32 

soaking and cooling of the samples to characterize the martensite-to-austenite 33 

reversion kinetics and the reverted austenite stability upon cooling to room 34 

temperature. The reverted austenite size and distribution were measured by Electron 35 

Backscattered Diffraction. Results showed that the selected soaking temperatures of 36 

610 °C and 650 °C promoted significant and gradual martensite-to-austenite reversion 37 

with high thermal stability. Tempering at 690 °C caused massive and complete 38 

austenitization, resulting in low austenite stability upon cooling due to compositional 39 

homogenization. 40 

 41 

 Keywords: Maraging 300; martensite-to-austenite reversion; additive 42 

manufacturing. 43 

 44 

 45 
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1. Introduction 46 

 47 

Maraging steels are highly alloyed steels with a low carbon content which exhibit 48 

excellent mechanical resistance, combined with good toughness and ductility [1–6]. 49 

The austenite-to-martensite transformation in maraging steels contrasts sharply with 50 

that of conventional steels, since its low carbon content results in a tough and ductile 51 

martensite [1,2,4–6]. The main strengthening mechanism of maraging steels occurs 52 

during appropriate aging heat treatments, causing precipitation of intermetallic phases 53 

such as Fe2Mo, Fe7Mo6, Ni3Ti and NiAl , providing a tensile strength above 1500 MPa 54 

[1–6]. 55 

With the introduction of additive manufacturing (AM) technologies, several iron-56 

based powders started to be used for the production of engineering parts [7–9]. 57 

Maraging steel metal powder has been used in laser-based AM since its low carbon 58 

content helps to prevent thermal cracking upon cooling [10–12]. Additionally, the as-59 

built AM parts present high strength and hardness, representing potential applications 60 

in the injection mold and cutting tool industries, for example [9,12]. 61 

Generally, the high strength of the AM parts comes at the expense of ductility 62 

and toughness. Before full implementation of AM-based technologies to obtain 63 

complex shaped parts, it is necessary to guarantee combinations of ductility, 64 

toughness and strength, similar to those obtained via conventional manufacturing 65 

routes. One way to increase ductility and toughness in the fabricated AM parts is by 66 

applying appropriate post-built heat treatments. However, conventional heat treatment 67 

routes need to be carefully reviewed due to the compositional inhomogeneities present 68 

in the as-built condition.  69 

Recent studies have focused on the martensite-to-austenite reversion 70 

phenomena in maraging steels produced by conventional manufacturing processes. 71 

Results led to the improvement of ductility, toughness and strain hardening, yet 72 

maintaining very high yield and tensile strengths [13–15] by triggering the TRIP 73 

(transformed-induced plasticity) effect. Wang et al. [14] studied  the tensile strength 74 

and Charpy impact toughness in the as-quenched condition and after aging for one 75 

and eight hours at 600 °C. Results showed an elongation of 2.4 %, in the as-quenched 76 

condition; and a significant increase to 9.9 and 17.1 %, after one and eight hours of 77 

aging, respectively. Additionally, the ductile-to-brittle transition temperature (DBTT) 78 

decreased from 9 °C in the as-quenched material to -49 and -76 °C after one hour and 79 

eight hours of ageing, respectively. A slight drop in yield strength (~18 %) and ultimate 80 

tensile strength (~3 %) was also reported for the eight-hour aged condition [14]. Such 81 

mechanical performance was associated to the reverted austenite in the 82 

microstructure, where the lowest and highest contents of austenite were obtained for 83 

the as-quenched and eight-hour aged conditions, respectively. Raabe et al. [15] 84 
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performed tensile tests in 9 wt. % Mn and 12 wt. % Mn maraging steels in the as-85 

quenched condition and after aging for 48 hours at 450 °C. Results showed a 86 

significant ductility improvement after aging, showing total elongation changes from 6 87 

to 15 % for the 9 wt. % Mn maraging steel; and from 16 to 21% for the 12 wt. % Mn 88 

maraging steel [15]. Such improvements were attributed to the martensite-to-austenite 89 

reversion. 90 

Ex-situ studies on the martensite-to-austenite reversion phenomena can be 91 

time consuming under a trial-and-error approach, which requires several experiments 92 

at different times and temperatures. In-situ measurements using correlative 93 

synchrotron X-ray diffraction and dilatometry can be a more useful approach since the 94 

transformation kinetics can be time resolved [16]. 95 

It has been reported that the thermal stability of the reverted austenite depends 96 

on the reversion temperature. However, isothermal heat treatments near the beginning 97 

of martensite-to-austenite transformation temperature (Ac1) are more effective to 98 

produce reverted austenite with high thermal stability when compared to isothermal 99 

cycles near temperature of complete austenitization (Ac3) [13–20]. Diffusion of 100 

austenite-stabilizing elements towards martensite lath/lath interfaces and previous 101 

austenite grain boundaries is the main mechanism for martensite-to-austenite 102 

reversion and stabilization in a compositionally homogenized martensitic matrix. 103 

Whereas, preferential site-specific reversion  can occur at preexisting regions with high 104 

concentrations of austenite-stabilizing elements in non-homogenized matrixes [16,21], 105 

which can be relevant for additive manufacturing metallurgy. 106 

The aim of this work is to study the inter-critical martensite-to-austenite 107 

reversion phenomena for samples of maraging 300, produced by selective laser 108 

melting. Thermodynamic calculations, electron backscattered diffraction (EBSD) and 109 

in-situ synchrotron X-ray diffraction were used. These results are helpful for 110 

understanding the effect of non-conventional production technologies, such as additive 111 

manufacturing, on the transformation kinetics, thermal stability, morphology and 112 

distribution of reverted austenite.  113 

 114 

2. Experimental Procedure 115 

 116 

2.1.  Alloy synthesis 117 

 118 

A maraging 300 powder alloy was processed via selective laser melting powder 119 

bed fusion technology, using an EOS M280 SLM manufacturing device. The maraging 120 

steel powder used as raw material presented a particle size ranging from 40 to 50 μm. 121 

The laser power was varied between 180 to 200 W, while the layer thickness was kept 122 

constant at 50 μm. The beam spot diameter ranged from 100 to 120 μm [22]. The 123 
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chamber was purged with argon before the build-up process to prevent oxidation. 124 

Since this technique creates a segregated cellular microstructure, the as-built material 125 

was homogenized following recommendations existing in the literature (T>815°C) [1]. 126 

The density of the as-built parts was calculated through the Archimedes principle, 127 

following the ASTM 962 standard [23]. The material chemical composition was 128 

measured by optical emission analysis using an RL-4460 Thermo Fisher, and the 129 

carbon and sulfur contents were analyzed by a LECO CS844. 130 

 131 

2.2.  Thermo-Calc® simulations 132 

 133 

Thermodynamic calculations were conducted using Thermo-Calc® software 134 

and TCFE8 database. The austenite + ferrite inter-critical region was calculated to 135 

determine different isothermal transformation temperatures for martensite-to-austenite 136 

reversion. As martensite in maraging steels has a very low carbon content, it can be 137 

assumed as ferrite for equilibrium calculations [19,21]. Equilibrium phase diagrams, 138 

phase mole fractions and phase compositions were retrieved as a function of 139 

temperature and the Ni content. 140 

 141 

2.3.  In-situ synchrotron analysis 142 

 143 

In-situ measurements were performed at the Brazilian National Synchrotron 144 

Light Source (LNLS) involving the heating, soaking and cooling of samples using the 145 

X-Ray scattering and thermomechanical simulation experimental station (XTMS). The 146 

beam energy used was 12 keV (corresponding to a wavelength of 1.035 Å), while the 147 

beam size was controlled by slits and set to 0.5 mm height and 2.0 mm wide. A linear 148 

detector was used to simultaneously collect diffraction data from a partial spectral 149 

region, in a 2θ window varying from 27.9 ° to 37.8 °, which sequentially included the 150 

{111}γ, {110}α, and {200}γ families of planes. Dog-bone type samples were used to 151 

simulate the tempering cycles. The length of each sample was of 85 mm with a reduced 152 

section of 6 mm at the center, and a thickness of 1.8 mm. X-ray diffraction experiments 153 

were performed in reflection mode, while simultaneously collecting volumetric 154 

responses by a non-contact laser dilatometer (LD). The thermal simulations were 155 

performed based on a controlled Joule heating method, where an electric current is 156 

applied through the sample producing resistive heat. Type K thermocouples were 157 

welded to the samples to control the temperature, with an uncertainty of approximately 158 

±1 K. Prior to testing, all samples were homogenized at 820 °C for one hour and then 159 

polished to a mirror-like condition to obtain surfaces suitable for X-ray diffraction. 160 

For austenite thermal reversion, isothermal heat treatments were applied with 161 

target temperatures of 610 °C, 650 °C and 690 °C and a constant soaking time of 2200 162 



5 

 

s as in Figure 1a. The heating rate was 500 °C·s-1 to avoid early martensite-to-163 

austenite reversion or intermetallic formation. High heating rate was set to minimize 164 

phase transformations and diffusion of alloying elements during the heating stage. The 165 

programmed temperature and measured temperature through K thermocouple 166 

presented the same behavior for all conditions, as depicted in Figure 1b for the thermal 167 

cycle at 900°C. The ultra-fast heating methodology is useful to study the influence of 168 

a current compositional distribution on the isothermal austenite reversion kinetics. If 169 

the matrix is compositionally homogeneous, austenite reversion will occur towards the 170 

thermodynamic equilibrium [24]. Otherwise, meta-equilibrium transition states and site-171 

specific austenite nucleation can occur due to the compositional heterogeneities 172 

[21,25]. The cooling rate was 5 °C·s-1, simulating air cooling. During the isothermal 173 

plateau and cooling stages, data was acquired every 10 s and 2 s, respectively. A 174 

thermal resolution of 10 °C upon cooling was obtained. An extended X-ray diffraction 175 

scan was performed for a 2θ range from 20 to 120 ° for all three heat treatment 176 

conditions. These extended X-ray diffraction patterns were measured before heating, 177 

at the end of the isothermal stage and after cooling. 178 

 179 

 180 

Figure 1. Measured and programmed temperature function diagram of heat 181 

treatment process for martensite-to-austenite reversion in the thermomechanical 182 

simulator, a) K thermocouple measured temperatures for 690, 650 and 610 °C heat 183 

treatments, revealing heating rate of 500 °C·s-1; b) comparison of the programmed 184 

temperature and measured temperature through K thermocouple at the 690°C thermal 185 

cycle. 186 

 187 

Phase fractions were quantified using Equation 1 and Equation 2, which 188 

consider the effect of the area under the diffracted peaks, the structure and multiplicity 189 

factors for each peak and each phase in the measured volume. In these equations, Fp 190 

is the phase fraction of phase p, np is the number of peaks from phase p, K represents 191 
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a given {hkl} family, ApK is the area below a peak for family K on phase p and RpK is a 192 

dimensionless scalar containing the effects of the remaining parameters such as the 193 

volume of the unit cell of phase p (Vp), the phase structure factor (fk) and multiplicity 194 

factors (Mk) for each family of planes [26]. 195 

 196 

𝐹𝑝 =  

1
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            198 

 199 

𝑅𝑝𝐾 =  
𝑓𝑘²∙𝑀𝑘

𝑉𝑝²
          Equation 2 200 

            201 

 202 

 203 

2.4.  Microstructural characterization 204 

 205 

Samples were ground from 80 to 1200-grit SiC emery paper, polished with CrO 206 

12 µm to 3 µm and polished in silica suspension with 0.06 µm particle size according 207 

to the ASTM E3 standard [27]. Etching was performed with 2 % HNO3 mixed with 208 

ethanol for 10 seconds. A FEI Quanta 650 FEG microscope operating at 20 keV was 209 

used for electron back-scattered diffraction (EBSD) analysis.  EBSD measurements 210 

were performed on etched samples with a step size of 0.125 µm. Scanning electron 211 

microscopy (SEM) was used for detailed microstructural characterization. 212 

 213 

 214 

3. Results 215 

 216 

3.1. Alloy synthesis 217 

 218 

A relative density of 99.19 ± 0.13 % of the as-built parts was achieved compared 219 

to wrought counterparts. The measured material chemical composition, depicted in 220 

Table 1, was in accordance with the MIL-S-46850D specification [20]. 221 

Table 1. Chemical composition (wt. %) of maraging 300 alloy. 222 

Ni Co Mo Ti Al C Mn Si V Fe 

18.3 9.2 5.15 0.51 0.056 0.004 0.05 0.11 0.15 Bal. 
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3.2. Microstructural characterization 223 

 224 

The as-built samples showed a typical morphology of weld pool tracks, as 225 

depicted in Figure 2 a) to d), with a cellular morphology [28–30]. The presented melt 226 

pool profile is composed of a mixture of submicron morphologies, such as dendritic, 227 

columnar and cellular, which are typical of AM in steels. This is caused by constitutional 228 

supercooling, solute segregation, Marangoni convection and fast solidification 229 

conditions [31,32]. As depicted in Figure 2 d), the microstructure presents no 230 

preferential crystallographic orientation, which can be attributed to the laser rotation 231 

during deposition of new layers, altering the heat flow conditions and consequently the 232 

crystal growth direction, as described in the literature [33].  233 

 234 

 235 

Figure 2. Microstructural characterization of a maraging 300 alloy after selective laser 236 

melting: a) optical microscopy characterization; b) SEM micrography of the as-built 237 

microstructure; c) SEM micrography of the weld pool-like tracks indicated as black 238 

dotted lines; d) EBSD Inverse pole figure. BD: built direction; TD: Transversal direction.  239 

 240 

Figure 3 a) shows the effect of homogenization at 820 °C during one hour, which 241 

promoted complete austenitization. In this condition, partial recrystallization and grain 242 

growth occurred. However, part of the weld tracks and columnar morphologies 243 

remained, presenting non-continuous cell boundaries. Figure 3 b), c) and d) present 244 

the microstructures after inter-critical tempering at 610, 650 and 690 °C during 2200 s. 245 

Partial austenitization occurred at 610 and 650 °C, promoting grain refinement, 246 

assisting the dissolution of the columnar features. At 690 °C, complete austenitization 247 
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was observed, also promoting grain refinement when compared to the as-built 248 

condition. Figure 3 e) shows an EBSD phase map for the inter-critical tempering at 690 249 

°C during 2200 s, revealing reverted austenite in red with a globular morphology.  250 

  251 

 252 

Figure 3. Inverse Pole Figure maps of the microstructures of AM maraging 300 steel 253 

after: a) homogenization at 820 °C during one hour; b) tempering at 610 °C during 254 

2200 s; c) tempering at 650 °C during 2200 s; d) tempering at 690 °C during 2200 s. 255 

An EBSD phase map of condition d) is presented in e). The yellow arrows in a) indicate 256 

reminiscent columnar morphologies. BD: built direction, TD: Transversal direction 257 

 258 

  259 

 260 

3.3. Thermo-Calc® simulations 261 

 262 

Figure 4 a) shows the calculated phase diagram according to the nominal 263 

composition shown in Table 1. The phase diagram was constructed as a function of 264 

temperature and the Ni content, since this is the main element controlling the 265 

martensite-to-austenite reversion kinetics and stability for the present case. The 266 

dashed vertical line represents the homogenized nominal content of Ni of 18.3 wt. %. 267 

If the heat treatment conditions were enough to reach the equilibrium state, a 268 

microstructure composed of ferrite (α) + austenite (γ) + μ + Ni3Ti + TiC can be expected 269 

at 610. At 650 °C, Ni3Ti dissolves and the equilibrium microstructure corresponds to α 270 

+ γ + μ + TiC. Whereas, according to the thermodynamic simulations, complete 271 

austenitization is expected to occur at 690 °C, accompanied by a very small fraction of 272 

TiC. This can be observed in detail in Figure 4 b). 273 
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 274 

 275 

Figure 4. a) Calculated equilibrium phase diagram. The vertical red line in a) indicates 276 

the nominal Ni content of 18.3 wt. %. The gray rectangle was drawn to facilitate the 277 

visualization of the phases of interest. b) mole fraction of all equilibrium phases 278 

calculated for the nominal Ni content as a function of temperature. 279 

 280 

Figure 5 exhibits the partitioning of elements in the austenitic phase as a function 281 

of temperature. It can be observed that Ni is the main austenite stabilizer element. 282 

Above 662 °C, there is no further change in the austenite composition, indicating the 283 

dissolution of the described phases except for TiC, which starts decomposing above 284 

830 °C. Thus, heating above 662 °C leads to the formation austenite with the alloy 285 

nominal composition. This condition is undesired because no elemental partitioning 286 

will occur, strongly compromising the austenite thermal stability upon cooling [21]. 287 

However, it is important to highlight that these simulations are only an approach since 288 

they are based on equilibrium conditions. Laser-based AM processes, in opposition, 289 

have non-equilibrium solidification conditions which often cannot be represented by 290 

conventional thermodynamic simulations. Additionally, experimental results shown in 291 

Figure 6 and 7 evidence complete austenitization only for the reversion temperature of 292 

690 °C. 293 
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 294 

Figure 5. Element partitioning temperature dependence for 18Ni austenite phase. 295 

 296 

 297 

3.4. In-situ synchrotron: α’ → γ isothermal reversion analysis 298 

 299 

Figure 6 depicts the in-situ time-resolved X-ray diffraction spectra from 2θ 300 

angles between 28 ° and 38 ° for the three tempering conditions, followed by cooling 301 

to room temperature. The main peaks covered were {111}γ, {110}α, and {200}γ at 302 

approximately 2θ values of 29.0 °, 29.8 °, and 33.6 °, respectively. The diffraction 303 

peaks are slightly shifted to the left for increased isothermal transformation 304 

temperatures due to the expansion of the unit cells. In this plot, the baseline 305 

corresponds to the beginning of the isothermal stage. The blue dash-dot line indicates 306 

the separation between the end of the soaking period of 2200 s and the starting of the 307 

cooling stage. For 610 °C and 650 °C there is a gradual austenite-to-martensite 308 

reversion process, as seen by the reduction of the intensity of the {110}α peak. During 309 

cooling, there is a gradual shift of all peaks to higher 2θ values due to thermal 310 

contraction. At 690 °C, massive martensite-to-austenite reversion occurred with no 311 

noticeable kinetics, at least within the first 10 seconds of exposure time for the first 312 

XRD data acquisition. However, almost complete martensitic transformation occurred 313 

upon cooling. 314 

 315 
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 316 

Figure 6. Time resolved synchrotron X-ray diffraction characterization during the 317 

simulation of inter-critical tempering cycles at: a) 610 °C; b) 650 °C; c) 690 °C. R.T.: 318 

Room Temperature.  319 

 320 

 321 

Figure 7 shows the correlative results from austenite phase quantification via 322 

synchrotron X-ray diffraction (red) and laser dilatometry (black) during the isothermal 323 

stage. Tempering at 610 °C resulted in 48 % martensite-to-austenite reversion, the 324 

lowest percentage in volume, as expected, after 2200 s. At 650 °C, an austenite 325 

volume percentage of 74 % was obtained at the end of the isothermal stage. The slight 326 

increasing slopes at 610 and 650 °C indicate that the transformation is unfinished for 327 

such tempering time. From the thermodynamic simulations, complete austenitization 328 

would occur at approximately 662 °C. In fact, tempering at 690 °C resulted in complete 329 

austenitization. Therefore, tempering cycles at 690 °C are not recommended for the 330 

reversion of stable austenite. For all conditions, contraction of the sample was 331 

observed by LD and was related to the martensite-to-austenite reversion. A very fast 332 

contraction was observed at 690 °C, along with immediate austenitization by 333 

synchrotron x-ray diffraction, indicating a massive reversion mechanism. Some 334 

additional volumetric expansion was detected at 650 and 690 °C. This effect can be 335 

related to several possible factors, such as compositional redistributions, precipitation 336 

of intermetallic phases and minor surface oxidation, which are not the scope of this 337 

work.  338 

 339 
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 340 

Figure 7. Martensite-to-austenite reversion kinetics observed by synchrotron X-ray 341 

diffraction combined with laser dilatometry for the isothermal tempering temperatures 342 

of: a) 690 °C; b) 650 °C; c) 610 °C. In all cases, the soaking time was set to 2200 s.  343 

 344 

 345 

3.5.  Reverted γ stability upon cooling 346 

 347 

Results from synchrotron X-ray diffraction along the isothermal and cooling 348 

stages are presented in Figure 8 as a function of time. The austenite thermal stability 349 

can be viewed as the amount of austenite-to-martensite transformation upon cooling. 350 

Although complete martensite-to-austenite reversion occurred at 690 °C, only a 351 

volumetric percentage of 10 % remained stabilized after cooling to room temperature. 352 

This type of austenite can be associated to a retention process, most likely due to local 353 
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segregation of Ni. However, almost all austenitic grains underwent compositional 354 

homogenization, strongly reducing the relative thermal stability. Nevertheless, 355 

compositional inhomogeneities due to incomplete solubilization of austenite-stabilizing 356 

elements could have remained, resulting in local austenite retention. The isothermal 357 

tempering at 650 and 610 °C produced final austenite percentages of 74 and 48 %, 358 

respectively. After cooling, a slight martensitic transformation of approximately 2 % 359 

could be measured for the tempering temperature of 650 °C. Whereas, no martensitic 360 

transformation occurred after tempering at 610 °C. 361 

 362 

 363 

 364 

Figure 8. In-situ synchrotron X-ray diffraction analysis for the isothermal martensite-to-365 

austenite reversion kinetics and its thermal stability during cooling. 366 

 367 

 368 

4. Discussion 369 

 370 

In the present work, three isothermal tempering temperatures were used to 371 

verify the martensite-to-austenite reversion process and the austenite thermal stability 372 

upon cooling after selective laser melting and solubilization. To trigger the martensite-373 

to-austenite reversion, it is necessary to heat the material between Ac1 and Ac3. 374 

Usually, maraging 300 alloys can be homogenized at temperatures above 815 °C [1], 375 

which is far from the calculated austenitization temperature in thermodynamic 376 

equilibrium of 662 °C, known as Ae3. Nevertheless, EBSD results evidenced that the 377 
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homogenization cycle at 820 °C during one hour was still not sufficient to erase all AM 378 

typical features, such as cellular and columnar morphologies. 379 

All three isothermal treatments were effective to significantly reduce the grain 380 

size when compared to the solubilized condition. Inter-critical tempering cycles result 381 

in the martensite-to-austenite reversion at the martensite lath, block and packet 382 

interfaces by diffusion-controlled reactions, promoting grain refinement [2,34]. The 383 

reverted austenite can appear as acicular or globular shapes depending on the heating 384 

rate and the tempering temperature [35–37]. Acicular laths form at the lower portion of 385 

the inter-critical field upon slow heating rates. The globular austenite forms at the 386 

higher portion of the inter-critical field and upon fast heating rates and preferentially 387 

forms at the boundary of the martensite packets or at the prior austenite grain boundary 388 

[35,36]. In both cases, the incomplete reversion process can lead to refinement of the 389 

microstructure [35,36]. Another advantage of grain refinement caused by the 390 

martensite-to-austenite reversion is that there are more grain boundaries acting as 391 

topological obstacles for crack propagation [38,39]. In the present work, a fast heating 392 

rate of 500 °C·s-1 was used, and the reversion temperatures were way above the 393 

expected Ae1 temperature, causing the formation of a reverted austenite mainly with 394 

globular morphologies. 395 

Equilibrium calculations for 610 and 650 °C predicted the coexistence of 396 

austenite and ferrite, along with precipitates such as µ, TiC and Ni3Ti, where the latter 397 

dissolves slightly above 610 °C. Through synchrotron X-ray diffraction analyzes, it is 398 

difficult to determine the presence of small quantities of those precipitates. However, 399 

its presence cannot be disregarded [1,40,41]. On the other hand, calculations 400 

predicted complete austenitization at 662 °C. Experimental results revealed complete 401 

austenitization only at 690 °C. 402 

Martensite-to-austenite reversion may occur by a displacive or diffusive process 403 

[42–44], and such mechanisms strongly depend on the heating rate and transformation 404 

temperature [42,43]. The martensite-to-austenite reversion reaction is energetically 405 

favored as it passes through the equilibrium austenite transformation start temperature 406 

Ae1, separating the stability ranges of the two phases [44]. Above this temperature, 407 

the free energy of the system is reduced when the product phase (austenite with a 408 

lower free energy) transforms from the parent phase (ferrite with a higher free energy). 409 

This free energy reduction is a function of the transformation temperature, which 410 

determines the total equilibrium fraction of the product phase [44]. Additionally, the 411 

compositional strains for martensite-to-austenite reversion are also dictated by 412 

temperature.  413 

Martensite-to-austenite reversion and austenite stabilization at room 414 

temperature were studied in modified maraging steels [15,18–20]. It has been reported 415 

that there is a change in composition at the martensite-austenite interface and a phase 416 



15 

 

boundary motion towards martensite in detriment of austenite growth [19,20]. Locally, 417 

there is a diffusion-controlled process of segregation of austenite stabilizer elements 418 

into the formed austenite islands when the steel is heated between Ac1 and Ac3. As 419 

time is prolonged, more elements such as Ni and Mn will segregate, producing a more 420 

stable austenite locally. For slow heating rates, the diffusive mechanism is favored and 421 

significant segregation of austenite-stabilizing elements can occur at the martensite 422 

grain boundaries and lath/lath interfaces. Provided enough time, partitioning will occur, 423 

promoting a matrix with nickel-rich and nickel-depleted regions, which will eventually 424 

lead to martensite-to-austenite reversion [16,42,43]. From Figure 5, it can be inferred 425 

that the partitioning of Ni into the reverted austenite at 610 °C was stronger than that 426 

at 650 °C. As a consequence, a martensitic transformation of 2 % was found after 427 

cooling from 650 °C. Whereas, no martensitic transformation occurred when cooled 428 

from 610 °C, as presented in Figure 8.   429 

As shown in Figure 5, the higher the temperature, the lower the Ni partitioning 430 

necessary for martensite-to-austenite reversion. Therefore, the massive reversion 431 

mechanism is favored at the higher portion of the inter-critical field, given the reduced 432 

critical Ni for the transformation to occur [36,45]. This is consistent with the 433 

observations at 690 °C. As the isothermal soaking temperature approaches Ae3, more 434 

austenite is formed and the stabilizing elements are distributed, resulting in reduced 435 

thermal stability. Therefore, heating near Ac3 will not be efficient for austenite 436 

stabilization as the alloy reaches a near homogenization condition. Such strong 437 

stabilizing effect of Ni and its role during the inter-critical martensite-to-austenite 438 

reversion is widely discussed in literature [13,15,16,42,46,47]. 439 

Regarding the fact that the present alloy was produced by selective laser 440 

melting, martensite-to-austenite reversion may have been facilitated since 441 

solubilization at 820 °C did not fully recrystallize the AM microstructure. Solubilization 442 

cycles at 920 and 980 °C have been observed to produce a more recrystallized grain 443 

structure with better dissolution of the as-built microstructure [48]. According to 444 

dilatometry measurements, a short solubilization cycle of 820 °C during five minutes 445 

actually resulted in incomplete martensitic transformation, i.e., austenite retention [48]. 446 

Additionally, a smaller grain size can also lead to a higher density of nucleation sites 447 

for austenite reversion [49]. 448 

 449 

 450 

5. Conclusions 451 

 452 

The effect of different heat treatment cycles to promote homogenization and 453 

significant austenite reversion in a maraging 300 steel produced by selective laser 454 

melting was studied. The following main conclusions can be drawn: 455 
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• Martensite-to-austenite reversion between 610 and 690 °C under a heating rate 456 

of 500 °C·s-1 promoted microstructural refinement, compared to the 457 

homogenized case, due to the formation of intra-granular acicular and globular 458 

austenite morphologies. 459 

• Isothermal tempering heat treatments up to 650 °C are effective to provide 460 

martensite-to-austenite reversion with high thermal stability during cooling to 461 

room temperature. 462 

• Heat treatment temperatures above Ae3 under very fast heating rate of 500 463 

°C·s-1 promoted martensite-to-austenite reversion by a displacive mechanism, 464 

resulting in low thermal stability upon cooling due to small partitioning, i.e., 465 

homogenization effect. 466 

• There is a loss of capacity to stabilize reverted austenite at room temperature 467 

when the tempering temperature exceeds the critical threshold for efficient 468 

partitioning, which is expected above 650 °C.  469 

• Despite the homogenization cycle at 820 °C during one hour used to promote 470 

complete austenitization, this was not sufficient to erase all the microstructural 471 

features typical of additive manufacturing in the as-built condition. 472 

• Thermodynamic calculations provided guidance in determining optimum heat 473 

treatment temperatures for the homogenization of precipitates and for 474 

martensite-to-austenite reversion with high thermal stability. 475 

 476 
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